AVAOL!

CATALYSIS
‘ TODAY

ELSEVIER Catalysis Today 55 (2000) 259-267 —_—
www.elsevier.com/locate/cattod

New developments in the photocatalytic conversion
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Abstract

Investigation of direct conversion of methane to transportation fuels has been an on-going effort at FETC for over 14 years.
One of our current areas of research is the conversion of methane to methanol, under mild conditions, using light, water, and a
semiconductor photocatalyst. Research in our laboratory is directed toward adapting the chemistry developed for photolysis of
water to that of methane conversion. The reaction sequence of interest uses visible light, a doped tungsten oxide photocatalyst
and an electron transfer molecule to produce a hydroxyl radical. Hydroxyl radical can then react with a methane molecule to
produce a methyl radical. In the preferred reaction pathway, the methyl radical then reacts with an additional water molecule
to produce methanol and hydrogen. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction used directly as a fuel or may be converted to other
valuable products (i.e. other transportation fuels, fuel
Methane may be produced as a by-product of coal additives, or chemicals). At present, the direct oxida-
gasification, either in a stand-alone process or as parttion of methane to methanol suffers from low methane
of the direct or indirect liquefaction of coal. Depend- conversion and poor selectivity to methanol. A pro-
ing on the gasifier design and operating conditions, up cess for the direct oxidation of methane to methanol,
to 18% of the total gaseous product may be methane. with high yield and high selectivity, is desirable.
In addition, there are vast proven reserves of geo- Along-term goal of our research group is to explore
logic methane in the world. A global research effort and evaluate novel pathways for the direct conversion
is underway in academia, industry, and government of methane to liquid fuels, chemicals, and intermedi-
to find methods to convert methane to useful, more ates. One of our current areas of research, the conver-
readily transportable and storable materials. Methanol, sion of methane to methanol, under mild conditions,
the initial product of methane oxidation, is a desirable using light, water, and a semiconductor photocatalyst
product of conversion because it retains much of the is the topic of this report. The use of three relatively
original energy of the methane while satisfying trans- abundant and inexpensive reactants — light, water,
portation and storage requirements. A liquid at room and methane — to produce methanol is an attractive
temperature, methanol could be transported to marketprocess option. The products of the reaction of inter-
using the existing petroleum pipeline and tanker net- est, methanol and hydrogen, are both commercially
work and distribution infrastructure. Methanol may be desirable as fuels or chemical intermediates. Research
in our laboratory is directed toward applying the tech-
* Corresponding author. nigues developed for the catalytic photolysis of water
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[1,2] and the photochemical conversion of methane to

methanol [3,4]. The main advantage of using a pho- Scheme 2.

tocatalyst to promote the photoconversion of methane

to methanol is that the presence of the catalyst, in con- (1) La/WOg3 TS ecgt h\jB
junction with an electron transfer agent, allows the re- . o4 .

action to occur in the presence of visible light instead (@) ecg+ MVTT ————= Mve

of ultraviolet (UV) light. This greatly simplifies reac- (3) p* +H,O — = H* + «OH
tor design and permits flexibility in the selection of ve 2 ot
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It has been reported [1,2] that methane may be
photochemically converted to methanol by first sparg-
ing it through a heated~90°C) water bath, in or- )
der to saturate it with water vapor, and then expos- COMPposes to water and oxygen. The use of a semicon-
ing it to ultraviolet light at a wavelength of 185nm ductor allows an electron in t.he filled electron level to
in a quartz photochemical reactor. The suggested re- pe promoted, across the forbidden band, to the con_duc—
action pathway, shown in Scheme 1, proposes the tON band When a photon .Of the proper energy strlkes
initial production of hydroxyl radical through pho- the surface._T_hls electronis then available forreact|c_Jn.
tolysis of water. This radical may then react with ~ BY combining these reactions [6], hydroxyl radi-

a methane molecule to produce methyl radical. In cals, generated with the photocat::_xlyst and the electron
the preferred reaction, the methyl radical then reacts transfer reagent, should react with methane to pro-
with another water molecule to produce methanol and duce methyl radicals. In our.proposed reaction path-
hydrogen. Catalytic photolysis of water to hydrogen Way (Scheme 3), methyl radicals react with an addi-

and oxygen occurs during irradiation of liquid water tional water molecule to form methanol and hydrogen,

with visible light (at wavelengths longer than 410 nm) identical to Scheme 1.

in the presence of a solid photocatalyst suspended

in the solution (Scheme 2) [5]. The photolytic se-

quence of interest initially produces a hydroxyl rad- 3. Experimental

ical through the reaction of water in the presence of

a doped tungsten oxide photocatalyst and an electron The reactor, a commercially supplied quartz pho-

transfer molecule, methyl viologen dichloride hydrate tochemical reaction vessel, was fitted to meet the
(1,Y-dimethyl-4,4-bipyridinium dichloride). The pro-  needs of this research [7]. This included use of a

posed mechanism invokes the coupling of two hy- Teflon-coated magnetic stirring bar in the reactor, a

droxyl radicals to form hydrogen peroxide, which de- fritted glass sparger, a nitrogen line used to cool the

Scheme 3.
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UV lamp, an injection port, and a Pyl@xuv filter. 1 used as the light source. The spectral characteristics

Deionized water was distilled prior to use. and energy output of the lamp, supplied by the lamp’s
manufacturer, show that46% of the radiated energy

3.1. Photochemical conversion of methane of the (UV) lamp used in this study is in the visible

region. The outer surface of the lamp is cooled by a

In the first series of experiments, the reactor was Stream of nitrogen gas, while the lamp’s immersion
filled with 11 of deionized-distiled water heated Wellis cooled by aflow of tap water. The gaseous prod-
to 90°C by an external recirculating, thermostated UCts of reaction are analyzed on-line and in real-time
bath. The feed gas consisted of helium and methaneby @ quadrupole mass spectrometer. Liquid products
with flows of 16.00 and 5.00 ml/min, respectively. are condensed from the gas stream € @nd ana-
The gases were introduced to the reactor through alyzed using a HP 5890A capillary gas chromatograph

fritted-glass sparger. A Teficoated magnetic stir
bar was used to assist in dispersion of the gases in
the solution. This configuration is a modification to
the one reported in the literature [1]. All gases were The rector configuration described for catalytic
heated to 86C prior to entering the reactor. The gas photolysis of water above was also used for the fol-
stream was irradiated with a high-pressure, quartz, lowing experiments with the exception that the gas
mercury-vapor lamp. The exit gas stream was ana- feed was a mixture of methane (5 ml/min) and helium
lyzed by an on-line quadrupole mass spectrometer ca- (16 ml/min). For use in the last series of experi-
pable of distinguishing between methanol and dioxy- ments, a UV filter, consisting of Pyr8glass, was
gen, both of which exhibit a parent peak at 32 AMU. constructed to fit around the mercury-vapor lamp.
All streams exiting the reactor were passed through a The absorption spectrum reveals that radiation below
cold trap operating at°@ prior to being vented. ~310nm is absorbed by the filter, removing the UV
component from the reaction.

3.3. Photocatalytic conversion of methane

3.2. Catalytic photolysis of water

The semiconductor photocatalysts were synthesized 4. Results
following the procedure in the literature [4] with mi-
nor modifications to the procedure. Four dopants, cop- 4.1. Photochemical conversion of methane
per, lanthanum, platinum, and a mixture of copper and
lanthanum, were selected for study on the tungsten ox-  conversion of methane rapidly increases to >97%
ide catalyst base. The catalysts were sintered in quartzfier the UV lamp is turned on. After3 min, methane
boats under a flow of helium using a ramp and soak conyersion decreases rapidly (during the next 3 min)
profile. _ . to ~10%, followed by a slow+12h) drop to 0%.

In & typical photocatalytic experiment, 1.00009 of The production of methanol follows a similar pattern,
the sintered catalyst is suspended, by mechanical stir-5tfset in time from the methane conversion peak by
ring, in water ¢~750ml containing 0.0450g of an {he sweep volume of the reactor.
electron-transfer reagent, methyl viologen dichloride.  The rapid drop off in conversion of methane was
Helium (16 ml/min) is sparged through the photocat- pzzjing until the reactor temperature was plotted with
on-line analysis of the reactor effluent. The reaction petween methane conversion and reactor temperature.
temperature is maintained a194°C by circulation of When the temperature of the reactor dropped below
heated ¢ 120°C) silicone oil in the outer jacket of the ~80°C, conversion of methane and production of
reactor. A high-pressure mercury-vapor quartz lamp is methanol sharply decreased. The drop in reactor tem-
T o i perature was the result of the cooling of the UV lamp

Reference in this report to any specific commercial product, b . Id t t 70C) th h the i
process, or service is to facilitate understanding and does not y pqssmg C(_) ap water{l ) rogg ,e Im-
necessarily imply its endorsement or favoring by the United States Mersion well jacket. In the reactor configuration used
Department of Energy. in these experiments, the reactor was heated t€90
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Fig. 1. Typical results of photochemical conversion of methane.

by the external circulating bath and the reactants were lysts were analyzed by scanning electron microscopy
passed through the reactor. When steady state flow(SEM), energy dispersive X-ray spectroscopy (EDS),
and temperature conditions had been achieved, lampX-ray diffraction (XRD), and X-ray photoelectron
cooling water was allowed to flow through the im- spectroscopy (XPS). For all catalysts, except the
mersion well jacket and the UV lamp was turned on. platinum-doped tungsten oxide, these techniques were
The cooling effect of the water in the immersion well not able to detect any differences between the tungsten
jacket not only compensated for heat produced by the oxide, as received, and the unsintered-doped oxide.
UV lamp, but also overwhelmed the reactor’s external This is due to the level of dopings4 atom percent,
circulating heater. Attempts to minimize the temper- which is below the detection limits of these instru-
ature difference between the lamp cooling water and ments. The sintering process produced differences that
the reactor had limited success. The use of heatedwere detectable by SEM and XRD. After sintering,
water (~40°C) in the immersion well jacket without XRD data showed the doped tungsten oxides to be
additional lamp cooling resulted in a lamp life on the more crystalline than the unsintered materials as evi-
order of several minutes. The use of a larger capac- denced by the separation of a broad diffraction peak
ity external circulating bath solved the problem and into two separate peaks having 2alues of 28.8 and
allowed us to control the temperature of the reactor 42.0° [7]. Analysis of the sintered, doped tungsten
and compensate for the lamp’s cooling water effects. oxides by SEM revealed that the sintered materials
During experiments where the reactor temperature contained larger crystallites with smoother edges.
was maintained at 9T during the run, conversions of The catalysts were each tested for their ability to
methane remain relatively constant-a4% and pro- catalytically photolyze water prior to their use in the
duction of hydrogen, methanol, oxygen, and carbon methane conversion experiments. We were able to re-
monoxide remain constant during the experiment. The produce photolysis results reported in the literature [4]
large oscillations previously observed in the conver- using these catalysts under similar conditions.
sion of methane and the production of methanol were

not observed during these experiments.
4.3. Photocatalytic conversion of methane

4.2. Catalytic photolysis of water All of the following experiments were conducted
with the photocatalyst suspended in water and the elec-
Four doped tungsten oxide catalysts (noted above) tron transfer agent in the reactor. Fig. 2 shows the re-
were synthesized and used in this study. The cata- sults of a typical photocatalytic methane conversion
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Fig. 2. Typical results of photocatalytic conversion of methane.
experiment. Methane conversions ard% with hy- Introduction of hydroxyl radicals to the reactor leads

drogen, methanol, and carbon monoxide as the mainto a greater fraction of product going to methanol
products of reaction. Note that after the UV lamp is as evidenced by methane conversion increasing 2.5
turned off, the detected flow of methanol decreases times, whereas methanol production increases 17
slowly to zero (over~2 h). This is due to stripping of  times. The increase in carbon dioxide is from ‘deep’
dissolved methanol from the water in the reactor by oxidation of methane and/or further oxidation of the
the reactant gases. carbon-containing products. Note the drop in methane
Gas chromatographic analysis of the liquid prod- conversion to zero for approximately 12min after
uct that had condensed in the trap aCQevealed the  injection of the hydrogen peroxide solution. Prior to
presence of methanol and acetic acid. Further analysisinjecting hydrogen peroxide solution, a steady-state
to identify other components by GC-MS was not pos- condition existed between the methane dissolving in
sible due to the low concentration of products in the the water and methane being consumed. It is likely
trap. The products were diluted by water carried over that the introduction of excess hydroxyl radicals de-
from the reactor in the flow of helium that is used as pleted the dissolved methane. At the temperature
an internal standard. where the reactions were conducted, the solubility
As noted previously, the proposed reaction sequenceof methane in water is 0.017 ml of methane per ml
of interest initially produces a hydroxyl radical, which  of water [8]. This resulted in little methane available
then reacts with methane to produce methanol. To testfor conversion until steady-state conditions could be
the validity of this hypothesis, a 30% solution of hy- re-established.
drogen peroxide, a good source of hydroxyl radicals, = Four doped tungsten oxide photocatalysts were pre-
was injected into the reactor during photocatalytic pared: platinum, lanthanum, copper, and a 50/50 mo-
methane conversion. Fig. 3 (a different photocatalyst lar mixture of copper and lanthanum. These catalysts
preparation than shown in Fig. 2) shows results typi- were tested for catalytic activity against a blank ex-
cal of the hydrogen peroxide solution injection exper- periment, where all reaction conditions were identi-

iments. cal except, that in the blank, no catalyst was present.
After injection of hydrogen peroxide solution, Fig. 4 displays the results for these experiments. After
methane conversion increases frord% to ~10%, steady-state conditions for the reactions were estab-

methanol production increases 17-fold, and carbon lished (the reactor was at operating temperature and
dioxide increases fivefold, along with modest in- was being irradiated by the UV lamp), methane flow
creases in hydrogen and carbon monoxide production. was started. In Fig. 4 the production of methanol as
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Fig. 3. Results of hydrogen peroxide addition.

a function of time is displayed. As shown in this fig- begins, the lanthanum catalyst exhibits a larger in-
ure, the lanthanum doped catalyst exhibits an increasecrease in hydrogen production than the non-catalyzed
in methanol production over the non-catalytic reac- system.
tion. The platinum and lanthanum/copper doped cat- The results of the addition of 2Q0 of 30% hy-
alysts exhibit approximately the same production of drogen peroxide solution to the reactor converting
methanol as the non-catalytic reaction. The presencemethane under steady-state conditions is shown in
of copper on tungsten oxide inhibits the production of Fig. 5. All of the catalysts exhibited greater peak pro-
methanol. duction of methanol than the non-catalytic reaction
Prior to the introduction of methane to the reactor, after injection of hydrogen peroxide solution. The
the non-catalytic reaction produces the most hydro- lanthanum-doped catalyst exhibited the largest in-
gen. The catalyzed systems that produce hydrogen increase of all catalysts with the copper-doped catalyst
significant quantities are the lanthanum and the lan- exhibiting the least. The effects on the production of
thanum/copper doped catalysts. After methane flow hydrogen were not as dramatic as those observed for
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methanol production with hydrogen peroxide solution
injection. All reactions in the presence of catalysts
exhibited a slight increase in hydrogen production
while the non-catalytic reaction exhibited a decrease
in hydrogen production until the hydrogen peroxide
was consumed.

4.4. Photocatalytic conversion of methane with
visible light

As noted previously, the photocatalyst is reported
to function at wavelengths >410 nm. All results re-
ported above were obtained using the UV lamp’s total

spectrum output In order to separate reactions initi-
ated by radiation with UV light from reactions initi-
ated by visible light, a filter was constructed to block
the UV portion of the lamp’s energy output. The fil-
ter, a Pyre@ sleeve fitted around the lamp, absorbs
nearly all radiation below~310 nm (Fig. 6). Note that
the total energy output of the lamp with the filter in-
stalled is~50% of that without the filter.

Experiments using the filter around the lamp were
conducted under conditions described above. The re-
sults of a typical experiment are shown in Fig. 7.
Note that hydrogen production is observed8 min af-
ter the lamp is turned on. Methanol, carbon monoxide

25 UNFILTERED LAMP

20

[] FILTERED BY PYREX®GLASS

RADIATED ENERGY (WATTS)

Fig.

6. High-pressure quartz mercury-vapor lamp spectral energy distribution.
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Fig. 7. Typical results of photocatalytic methane conversion, F@/rﬁker installed.

and carbon dioxide are detecte® min after methane  duction of products if the lamp’s energy output was
flow is started. Also note that hydrogen production the limiting factor in the experiment. Comparison of
decreases rapidly after the flow of methane is started. reactions using the full spectrum and only the visible
Methane conversion leveled off at5.5%. The ad- region of the lamp are shown in Figs. 4 and 5. These
dition of 200ul of 30% hydrogen peroxide solution experiments were conducted using the same3iRO
after the reaction had reached steady-state conditionssemiconductor catalyst. Under steady-state conditions,
is shown in Fig. 8. After addition of the hydrogen conversion of methane and production of products,
peroxide solution, production of methanol increased with the exception of hydrogen production, are iden-
25-fold, carbon dioxide production increased 50-fold, tical. When the UV filter is employed (Fig. 4), hy-
and methane conversion peaked at 9%. drogen production decreases to zero after the flow of
As mentioned above, the filter decreases the energymethane is started, where as for the unfiltered lamp,
output of the lamp by~50%. We would expect a corre-  production of hydrogen decreases after methane flow
sponding decrease in conversion of methane and pro-is started but levels off at0.01 ml/min. Experimental
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Fig. 8. Typical results of hydrogen peroxide addition, P@eﬁdter installed.
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data suggests that the difference in hydrogen produc- In all experiments, conversion of methane and the
tion is due to the UV component of the lamp. Addition production of methanol are augmented by the addi-
of 200l of 30% hydrogen peroxide solution (Fig. 5) tion of hydrogen peroxide solution, consistent with the
gave similar results between the two lamps. The main postulated mechanism that invokes a hydroxyl radical
exception was the significantly greater production of as an intermediate in the reaction sequence. The use
oxygen in the filtered experiment. of other radical initiators would be of interest to deter-
mine if the enhanced conversion could be sustained.
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